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EXPLORATORY INVESTIGATION OF
FLOW FIELD RESULTING FROM FORWARD-FACING NOZZLES
EXHAUSTING NEAR A LARGE CYLINDRICAL BODY AT
FREE-STREAM MACH NUMBERS OF 3.0 AND 6.0

By Robert J. McGhee and James A, Martin
Langley Research Center

SUMMARY

Some effects of forward-facing supersonic conical nozzles exhausting into an
oncoming stream near a large cylindrical body have been investigated for free-stream
Mach numbers of 3.0 and 6.0 and for angles of attack of 0° to 49, Schlieren data and
surface pressure data in the vicinity of one of the nozzles on the body were obtained for
nozzle-exhaust Mach numbers of 2.20 and 3.68. For a jet-exit Mach number of 2.20,
the range of jet-exit to free-stream static-pressure ratio was from 0 (jet off) to about
2800 at a free-stream Mach number of 6.0 and from 0 to about 400 for a free-stream
Mach number of 3.0. The Reynolds number per meter was approximately 6.89 X 106
and 3.61 x 108 at free-stream Mach numbers of 3.0 and 6.0, respectively.

The investigation showed that the resulting flow field contained extensive regions
of boundary-layer separation and mixing adjacent to the cylindrical body. The extent of
flow separation on the body depended upon the ratio of jet-exit static pressure to free-
stream static pressure, jet-exit Mach number, and free-stream Mach number. An exten-
sive wake region, caused by the limited expansion of the jet exhaust flow at the nozzle lip,
was observed around the nozzles and body base at all test conditions. Increasing the
angle of attack from 0° to 4° had only a minor effect on the flow field. Large local sur-
face pressures resulted from the initial impingement of the nozzle exhaust on the body.
The pressure coefficient on the body just forward of the nozzle exit, when based on jet-
exit conditions, was independent of the ratio of jet-exit static pressure to free-stream
static pressure and free-stream Mach number.

INTRODUCTION
During flight of rocket vehicles at high altitudes and high Mach numbers, the rocket-

motor nozzles often exhaust at pressures far greater than the pressure of the surrounding
environment. For even moderate underexpansion, large billowing exhaust plumes result



which may cause extensive boundary-layer separation, high surface heating, and large
local loads, particularly if the jet exhaust impinges upon adjacent surfaces. Investiga-
tions of several such problems have been reported in references 1 to 3.

The present investigation was initiated to obtain information on the flow field which
results when forward-facing supersonic nozzles are exhausted near a body into an
oncoming hypersonic stream. This type of flow field results during staging of multiple-
stage launch vehicles, where retrorockets are employed. Retrorockets are usually high-
thrust, short-duration, solid-propellant engines arranged symmetrically around the launch
vehicle and provide enough total impulse to achieve rapid separation of the stages. The
influence on the flow field of the gases discharged by such engines is important from sta-
bility and control considerations. Also, solid-propellant exhaust gases are highly ionized
and can interrupt vehicle-to-ground communications during staging, an important factor
from the mission-control viewpoint.

This report presents preliminary results obtained by injecting gaseous nitrogen
from conical supersonic nozzles into an oncoming stream at Mach numbers of 3.0 and 6.0.
The basic model consisted of a circular cylinder approximately 8 diameters long with a
conical forebody.

The investigation was conducted in a 2-foot hypersonic facility at the Langley
Research Center. The Reynolds number per meter was approximately 6.89 X 106 and
3.61 x 106 at free-stream Mach numbers of 3.0 and 6.0, respectively. The angle of attack
was varied from 0° to 4°.

SYMBOLS
p4 - p]
Cp,4 impingement pressure coefficient, T
]
Py Pj
. . P, Do
(Cp, 4) Mod modified pressure coefficient,
vi o (T/T)
J M_z
2 7] B;
)|
d diameter of cylinder, 6.71 cm
M, free-stream Mach number
Mj jet-exit Mach number
P local surface static pressure



P jet-exit static pressure

Py static pressure at orifice 4 (see fig. 2)

P free-stream static pressure

9 jet dynamic pressure

(T/ Tt)j ratio of static temperature to stagnation temperature of jet
x/d orifice location measured from model base in body diameters
o angle of attack, deg

o} angular location of orifices 5 and 6, deg (see fig. 2)

By = sz -1

1 ratio of specific heats of jet

APPARATUS AND TESTS

Model

A sketch of the general arrangement of the model is shown in figure 1 and model
details are shown in figure 2. The 16° half-angle conical forebody and circular cylinder
were constructed of aluminum except for the rear section of the cylinder. This section
was constructed of steel and housed the plenum chamber for the compressed gas supply
to four simulated nozzles. The compressed gas passed through a hollow sting and was
admitted into the plenum chamber through louvers.

The two conical nozzle configurations (fig. 2) used in the investigation provided exit
Mach numbers of 2.20 and 3.68. Gaseous nitrogen at local atmospheric temperature was
the exhaust medium. The nozzles, typical retronozzles for a representative large launch
vehicle, were designed to simulate the plume shape with the aid of the techniques given
in reference 4. The nozzles were fabricated so they could be attached or removed from
the nozzle holders. Caps were provided so that any combination of one to four nozzles
could be tested.



Wind Tunnel

The tests were conducted in a 2-foot hypersonic facility at the Langley Research
Center. This wind tunnel, described in reference 5, is an ejector type which provides
continuous flow at high Mach numbers and low densities. The average test conditions

are shown in the following table:

M Stagnation Stagnation Static 7 Reynolds number
temperature, OK pressure, kN/m2 pressure, kN/m2 per m

3.0 311 101 2.34 6.89 x 108

6.0 422 319 .2 3.61 x 106

Nitrogen Supply

High-pressure gaseous nitrogen was generated by pumping liquid nitrogen to the
required storage pressure and converting it from liquid to gas in a steam-actuated heat
exchanger. The high-pressure gaseous nitrogen was then stored in a tank farm with a
capacity of 22.65 m3. Suitable pressure-reducing and pressure-regulating valves were
remotely controlled to obtain the nitrogen gas pressure in a manifold outside the test
section which in turn fed the nozzle plenum chamber in the model. Once the correct
pressure was obtained in the manifold, a quick-acting guillotine valve was employed to
initiate and terminate the flow to the nozzles. Minor pressure adjustments could be
made after initiation of flow through the nozzles.

Instrumentation

Six static pressure orifices (0.15 cm in diameter) were located on the body surface,
four in the plane of symmetry forward of the top-mounted nozzle, and two laterally dis-
placed as shown in figure 2. Simultaneous measurements of the six orifice pressures,
as well as the nozzle plenum pressure, were obtained from absolute pressure measuring
transducers. Data were obtained by a high-speed data acquisition system and recorded
on magnetic tape. In addition, schlieren photographs taken at each datum point with the
use of a 2-microsecond flash from a xenon light source were used for a visual study of
the jet interaction phenomena.

Tests and Accuracy

The model was tested with the Mj = 2.20 and 3.68 nozzles at free-stream Mach
numbers of 3.0 and 6.0. With the Mj = 2,20 nozzle, pj /pDo varied from 0 (jet off) to
about 2740 at M= 6.0 and from O to 386 at M= 3.0. When the Mj = 3.68 nozzle was
used, pj p, variedfrom O to about 553 at M =6.0 and from O to 37 at M= 3.0. The
model angle of attack was adjusted to obtain data at 00, 2, and 4°. All data were obtained
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with the model smooth; that is, no boundary-layer transition strips were used. At the
Reynolds numbers of these tests, laminar flow was considered to exist over almost the
entire model except for some test conditions at M = 3.0, where the flow was probably
transitional over the rear of the model.

The ratios of pj /poo quoted herein are estimated to be accurate within +2 percent.
The Mach number in the region of the test model was accurate within 10.04. Angle-of-
attack values are estimated to be accurate within +0.2°. Because of the complex flow
field resulting from jet interaction with the free stream, the absolute level of accuracy
of the local static pressures is difficult to establish. The static-pressure ratios varied
from about p/p =1 to about p/ p, = 150 for the orifice closest to the nozzle exit.
Figure 3 indicates the repeatability of the data taken during different test runs. The val-
ues of p/poo presented should be interpreted as indicative primarily of the general
trends and levels for a complex flow environment.

RESULTS AND DISCUSSION

The results of this investigation have been arranged to illustrate the flow field
which results when forward-facing nozzles are exhausted near a body into an oncoming
stream at M = 3.0 and 6.0. Figure 4 is a diagram of the simplified flow-field model
illustrating several portions of the flow field of particular interest. These portions of
the flow field can be observed in the representative schlieren photographs and corre-
sponding pressure data in figures 5 to 7, which illustrate the effects on the flow field of
jet-pressure ratio, angle of attack, and number of nozzles firing. Complete surface
pressure data for all configurations tested are presented in figures 8 to 14, and a corre-
lation of impingement pressures is shown in figures 15 to 17.

Flow-Field Model

A simplified model of the flow field has been devised from the schlieren photo-
graphs and is illustrated in figure 4. The flow field shown is for a free-stream Mach
number of 6.0, a low jet-pressure ratio, all four nozzles firing, and an angle of attack
of 0°; however, the features indicated are representative of those for other Mach num-
bers and jet-pressure ratios. There are four portions of the flow field: the primary
flow (initially the free stream), the secondary flow (originating as the exhaust flow from
the nozzles and turning outward and rearward), a viscosity-induced portion (bounded by
the primary and secondary flows and the body), and the wake (behind the body and secon-
dary flow).

Primary flow.- The primary flow, which is initially the undisturbed free stream, is
first compressed by a conical bow shock wave and a conical flow field over the forebody.



An expansion occurs at the shoulder and turns the flow field along the body surface and
also weakens the bow shock wave. A compression shock wave is then required near the
point of boundary-layer separation to turn the flow outward along the dividing streamline
between the primary flow and the viscosity -induced portion of the flow field. Another
shock wave, originating at the initial juncture of the primary and secondary flows, turns
the primary flow still farther outward. The flow direction is then parallel to the dividing
streamline between the primary and secondary flows. The primary flow, for conditions
similar to those of this model, remains entirely supersonic.

The primary flow field is similar to the corresponding portion of the flow field of
a cone-cylinder-flare. The last shock wave corresponds to the shock wave originating
at the reattachment point on the flare.

Secondary flow.- The secondary flow originates as the exhaust flow from the noz-
zles. It issues supersonically from the nozzles and expands three dimensionally at the
nozzle lip to the local pressure of the wake. Although the wake pressure is much less
than the jet-exit static pressure, the turning angle of the nozzle flow is limited to that
for expansion to infinite Mach number. For the jet-exit Mach numbers of this investi-
gation, tais limiting turning angle was less than 1009, and the schlieren photographs indi-
cate that the total divergence of the nozzle flow did not exceed 90° (159 initial nozzle
divergence and 75° turning angle) because of the finite pressure in the wake.

Along the inboard portion of the jet boundary, the exhaust flow impinges on the body
and is turned forward and parallel to the body surface. The resulting compression forms
a shock wave which is visible in many of the schlieren photographs. This impinging part
of the flow then separates from the body surface and turns upward away from the body.

A shock wave is formed at the juncture of the primary and secondary flows, and the entire
secondary flow is finally turned downstream parallel to the primary flow. At least one
strong shock wave, in the form of a Mach disk, can be expected in the interior of the
secondary flow, but only a few schlieren pictures show disturbances which could be inter -
preted as Mach disks.

Viscosity-induced portion.- The viscosity-induced portion of the flow field is
bounded by the primary flow, the secondary flow, and the body. This portion of the flow
consists of a separated region and a mixing region. The separated region has two zones
of circulation: a forward zone of clockwise flow and a rearward zone of counterclock-
wise flow. The mixing region is the result of the initial interaction of the primary and
secondary flows and is also the confluence of the viscous shear layers accompanying the
dividing streamlines between the primary and secondary flows and the separated region.

Wake. - The wake is directly behind the body and nozzles and the rear boundaries
of the secondary flow from the nozzles. The extreme size of the wake is the result of
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the limited expansion of the secondary flow at the nozzle lip, which causes a large radial
disturbance and separates the primary flow from the wake by the secondary flow.

Effect of Jet-Pressure Ratio

The investigation covered a wide range of jet-pressure ratios. The schlieren
photographs in figures 5, 6, and 7 indicate that increasing the jet-pressure ratio increased
the length along the body and the height above the body of the viscosity-induced portion of
the flow field until the separation point of the primary flow approached the cone-cylinder
juncture. The high pressure in the primary flow on the conical forebody retarded fur-
ther forward movement of the separation streamline, and an additional increase in jet-
pressure ratio primarily increased the angle of the separation streamline. (See fig. 5.)
This increase in the angle of the separation streamline reduced the expansion angle at
the cone-cylinder juncture, and the bow shock wave was weakened less than for the lower
jet-pressure ratios. The bow shock wave appeared to move outward from the body as a
result of this increase in jet-pressure ratio. Further increases in jet-pressure ratio
would probably move the separation point forward of the cone-cylinder juncture and
detach the bow shock wave. However, it is not clear what phenomena would occur at jet-

pressure ratios higher than those of the present investigation but lower than that required
to detach the bow wave.

In addition to being a function of jet-pressure ratio, the extent of the viscosity-
induced portion of the flow field is shown to be a function also of jet-exit Mach number
and free-stream Mach number. For example, the higher jet-pressure ratios at M, = 3.0
overlap the lowest jet-pressure ratio at M, = 6.0, but the flow fields are quite different.
(Compare figs. 5(a) concluded and 5(b).) Because of the exploratory nature of this inves-
tigation, the relationships of the characteristics of the flow field to these parameters have
not been determined.

Effect of Angle of Attack

Figure 5(c) shows the resulting flow field for 2° and 4° angle of attack at M, = 6.0.
A comparison of figure 5(c) with figure 5(b) (o = 0°) indicates that the positive angles of
attack increased the angle of the separation streamline above the body (and decreased it
below the body) by approximately 10 percent or less, The total displacement of the exter-~
nal flow, however, was not noticeably changed by these angles of attack. For M, = 3.0
at positive angles of attack, no schlieren photographs were available with all four nozzles
firing, but the pressure distributions in figures 8 and 13 show the same aerodynamic
trends as the data for M, = 6.0.



Effect of Number of quzles

The results discussed thus far are for all four nozzles firing simultaneously. The
effect of a single nozzle firing can be seen in figures 6 and 7; data are presented for the
Mj = 2.20 nozzle at both Me = 3.0 and M, =6.0 and for the Mj = 3.68 nozzle at
My = 3.0. On the side of the body with the nozzle firing, the secondary flow remains
much closer to the body than when all four nozzles are firing. On the opposite side of
the body, the circumferential spreading of the flow separation can be observed. For all
but the lowest jet-pressure ratios of the investigation, some separation occurred com-
pletely around the body. For the higher jet-pressure ratios at M, = 6.0, the point of
boundary-layer separation approached the cone-cylinder juncture completely around the
body. These observations indicate that considerable mutual interference exists between
the secondary flows of the nozzles when multiple nozzles are operating at the jet-pressure
ratios of this investigation,

Surface Pressure Distributions

The measured surface pressures of various nozzle arrangements are presented as
functions of x/d in figures 8 to 12 for « = 09, 29, and 4° and as functions of Pj/Pos
in figures 13 and 14 for « = 0°. These data show that a wide range of local surface
pressure will result from the operation of forward-facing nozzles on a vehicle. For
example, the pressure orifice nearest the nozzle-exit plane measured values of p/P,
from about 1 at jet-off conditions to about 150 at p; / p, = 2600. At the most forward
orifice locations, the measured pressure variations are small compared with the initial
impingement pressure near the nozzle exit. Large local surface loads and high surface
heating would be expected from the type of impingement shown in the data from this
investigation.

Correlation of Impingement Pressure Data

Considerable attention has been given to the proper choice of a combination of the
independent parameters to correlate the flow-field characteristics resulting from the
injection of a supersonic secondary flow into a supersonic or hypersonic primary flow.
For example, reference 6 indicated that for two-dimensional nozzles exhausting from a
flat plate, jet mass flow was the important correlating parameter.

Figures 13 and 14 indicate that Py /poo varies approximately linearly with pj P,
for the present investigation, and this linear variation suggests the possibility of corre-
lating the impingement pressure with jet-exit pressure ratio. If a pressure coefficient
is formed so that



p4 pj

C 4=p4-pj= g Po
p’ q Y; p.
] dp2 1

3 M" 5

(1)

then

Py Vi r2 Py

For a given jet Mach number, Cp,4 is not a function of P[P, since p4/ p, varies
linearly with Py / P, and the extended line passes through or near the origin. This is
shown to be valid in figure 15.

Figure 15 also indicates that Cp 4 isnota function of free-stream Mach number.
Since the data for M, = 3.0 and M, = 6.0 coincide, only one parameter in this inves-
tigation controlled Cp, 4, that is, the jet-exit Mach number. Figure 16 represents an
attempt to determine the dependence of Cp 4 on jet-exit Mach number. For conve-
nience, the data and the functions have been normalized by their own values at M]- = 2.20.
The curve for the common function

Cp,d (55) M;j=2.20
-—%

(3)
(CP’4)M].=2.20

where Bj= Vsz - 1, is shown by the figure not to be within the accuracy of the data.
Further examination showed that the relation

(T) Ty),
Cp,4 —E.‘—J' (4)
i

where

T vyl 2_1
<T—t)]-= 1+ -d— v (5)



did agree with the data. If this is the correct dependence, then

P B
Pp Py P;
o -3 (6)
Ime—J
2 ) Bj

This modified pressure coefficient has been plotted in figure 17 and appears to correlate
all the data from this investigation. The resulting relationship can be written as

= [1 - 0.539y;M, —5 b, (7)
]

)UI’E

o0

However, data were obtained for only two jet-exit Mach numbers, and no unique correla-
tion can be definitely established without additional variations of this parameter.

The curves in figure 15 show that Cp’4 is not constant at the lower values of jet-
exit-pressure ratio. Thus at these pressure ratios, orifice 4 is not in the proper loca-

tion to measure the impingement pressure.

CONCLUDING REMARKS

Some of the effects of supersonic conical nozzles exhausting into an oncoming
stream near a large cylindrical body have been investigated for free-stream Mach num-
bers of 3.0 and 6.0. The results suggest the following remarks:

1. The resulting flow field contained extensive regions of flow separation and mixing
adjacent to the body. There was also an extensive wake around the nozzles which was due
to the limited expansion at the nozzle lip.

2. The extent of flow separation depended upon jet static-pressure ratio, jet-exit
Mach number, and free-stream Mach number,

3. Angle of attack had only a minor effect on the flow field.

4. Large local pressures resulted from the initial impingement of the nozzle

exhaust on the body.
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5. The pressure coefficient on the body surface just forward of the nozzle exit,
when based on jet-exit conditions, was found to be independent of jet static-pressure
ratio and free-stream Mach number.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., December 2, 1968,
126-13-03-39-23.
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